Latest tests of double parton scattering, underlying event tunes, minimum bias, and diffraction made by comparing the state-of-the-art theoretical predictions interfaced with up-to-date parton shower codes to the CMS Run I and Run II data are presented. Studies to derive and to test a new CMS PYTHIA 8 event tune obtained through jet kinematics in top quark pair events and global event variables are described.
Introduction
Hadron production in high-energy proton-proton (pp) collisions originates from multiple scatterings of the partonic constituents of the protons at central rapidities, and from "spectator" partons emitted in the very forward direction. Such hadron-hadron collisions, in which a "hard" 2-to-2 parton scattering has occurred, are modelled by standard QCD Monte Carlo (MC) event generators by means of several components. The "hard scattering" component of the event consists of particles that result from the hadronisation of the two outgoing partons (i.e. the two primary outgoing "jets") and the particles that arise from initial-and final-state radiation (ISR and FSR, respectively). The Underlying Event (UE) consists of the beam-beam remnants (BBR) and particles that arise from multiple parton interactions (MPI). The BBR are what is left over after a parton is knocked out of each of the initial two beam hadrons. MPI are additional "soft" or "semi-hard" 2-to-2 parton-parton scatterings that occur within the same hadron-hadron collision. An accurate understanding of the UE is required for precise measurements of standard model processes at high energies and searches for new physics. The topological structure of pp interactions with a hard scattering can be used to define experimental observables sensitive to the UE. In pp collisions at the LHC, various experiments have carried out UE measurements at √ s = 7 and 13 TeV using events containing a leading (highest p T ) charged-particle jet [1, 2] or a leading charged particle [3, 4, 5, 6] , and in DY [7] .
The goal of a MC event generator, such as, e.g., PYTHIA 8 [8] , is to simulate everything that happens in a hadron-hadron collision. This includes the production of a hard scattering, the implementation of the parton shower (PS), i.e. ISR and FSR, related to the evolution of the partons and the UE. In general, MC generators differ between each other in the accuracy of the matrix element (ME) calculation used for the hard scattering process, PS, and in the UE description, i.e. MPI simulation. While in leading-order (LO) generators only 2→2 processes are calculated and the additional emitted partons are implemented through the PS, there are several cases where higherorder ME are implemented at the Born level. By including additional emissions in the ME, the exact kinematics and all the interference and helicity parton structures are taken into account. On the other hand, to calculate higher-order diagrams and loop corrections is a very time consuming process and a compromise needs to be made. The different components, simulated by MC event generators, are generally governed by many parameters, which can not be a priori defined by first principles. Tuning these parameters in a MC event generator is a very important matter since, in the available models, it is unavoidable that some of the parameters used in the simulation must be determined by looking for the best agreement between the predictions and data from as many processes as possible.
Generally, a factorized approach is followed for the tuning, i.e. one identifies a set of parameters of interest, together with a collection of measurements sensitive to the physics regulated by those parameters, and "freezes" the other parameters, which remain fixed in the fit. For instance, if a tuning effort is setup for extracting the MPI parameters, the parameters related to ISR and FSR 1 are not varied.
The purpose of tuning the MC simulation is, in general, two-fold: 1 The FSR parameters are generally extracted from LEP data on electron-positron collisions, where ISR and MPI parameters do not play any role.
• describe well the measured data, in order to achieve, e.g., a reliable pile-up simulation, a correct evaluation of detector effects treated in the unfolding procedure, and an appropriate estimation of background contributions. For this goal, models are "not allowed" to fail, namely one aims for a best-possible agreement among measurements and predictions;
• provide good physics predictions, based on established theories and/or trustworthy phenomenological models, using meaningful values of free parameters. Following this approach, the models are "allowed" to fail, and their failure actually brings an improvement of the understanding of the physics, implemented in the simulation.
In a previous study [9] , several PYTHIA 8 UE tunes, including the CUETP8M1 tune, were constructed, before 13 TeV data were available. In particular, the PYTHIA 8 CUETP8M1 tune, performed within the CMS Collaboration [10] , started with the Monash tune [11] was obtained by fitting CDF UE data at 900 GeV and 1.96 TeV together with CMS UE data at 7 TeV. A tension was observed when trying to simultaneously reproduce data sensitive to the UE and to the hard spectrum of the MPI, e.g. to double parton scattering (DPS). The retuning effort, described in [12] , was motivated by two main reasons. On the one hand, the first data published by CMS and ATLAS collaborations on UE observables revealed a suboptimal description of the available tunes 2 , and showed the need for a more accurate tune at 13 TeV. On the other hand, also the measurements of the additional jet multiplicity in tt events using 8 and 13 TeV data showed poor agreement when compared to predictions from POWHEG [13] +PYTHIA 8 CUETP8M1 tune [14, 15, 16] . These two main reasons drove the extraction of a new tune and motivated the tuning strategy, which is described in Sect. 2.
Tuning strategy
The new event tune is extracted using the PROFESSOR software [17] and RIVET [18] , by generating sets of MC predictions in an automatized way. The set of tuned parameters that best fits the input measurements defines the new event tune. The tuning procedure consists of two main steps. In a first step [12], the strong coupling for the ISR, α ISR s , is tuned by using tt jet multiplicity and leading additional jet p T distributions. The jet activity mainly constrains those parameters that control the probability of parton emission and the interplay between hard and soft parton emission. The jet activity, however, does not strongly constrain the global production of hadrons, i.e. the UE contribution. For the first step, a next-to-leading (NLO) tt matrix element produced by the POWHEG event generation, matched to PYTHIA 8 for PS and UE simulation, is considered. In detail, the following parameters are considered for tuning:
• h damp : the model parameter that controls matrix-element/parton-shower matching and effectively regulates the high-p T radiation by damping real emissions generated by POWHEG. The value used in the default simulation is equal to the top-quark mass m t = 172.5 GeV;
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• α ISR s : the value of the strong coupling at m Z used for the initial-state shower. Data from the event shapes, measured at LEP [19] , yielded α Once the α ISR s is extracted from the aforementioned measurements, the second step of the tuning procedure extracts the full UE tune accordingly, using independent data sets and fixing the α s value to the optimized one. In this step, leading-order predictions from standalone PYTHIA 8 are used. The parameters considered for the event tune are related to the amount of multi-parton interactions (MPI), of proton overlap in the hadronic collisions and of colour reconnection. A change of the event parameters is expected, if a different value of ISR α s is chosen; this is due to the complex interplay between the MPI and PS contributions. The MPI-related parameters, that are let free in in the new tune called CUETP8M2T4 are listed below:
• PT0REF: the parameter that regularises the partonic QCD cross section and sets the lower scale of the MPI contribution;
• EXPPOW: the parameter in the overlap function that describes the convolution of the matter distributions of the two incoming hadrons;
• RANGE, it quantifies the amount of colour reconnection which is performed in the simulation between the hard scattering and the partonic MPI systems.
Other parameters of the simulation that affect, for example, the PS, the fragmentation, and the intrinsic-parton p T are fixed to the values of the CUETP8M1 tune [9] . The full UE tune is determined by fitting event observables measured at 13 TeV [5], which are the charged-particle multiplicity and p T sum (Σp T ) in the TRANSMIN and TRANSMAX regions, as defined in [9, 5] , as a function of the leading track p T . The charged-particle multiplicity as a function of η at 13 TeV [20] is also included in the fit. The adopted procedure is similar to the one described in [9] . Since only measurements performed at 13 TeV are considered, the parameter relative to the energy dependence of the partonic cross section cutoff (ECMPOW) is fixed to the value of CUETP8M1.
Results
The first step of the tuning procedure performed on the tt observables yields a result of: −0.019 and the corresponding tune is called CUETP8M1T1 [21] . Predictions obtained with these optimized settings are shown in Fig. 1 . Predictions based on the CUETP8M1T4 tune, with a significantly lower value of α ISR s , cure the overshoot observed for the predictions from CUETP8M1 at high jet multiplicities.
The resulting parameters, obtained in the second step of the tuning procedure for the tune CUETP8M2T4, are listed in Table 1 , compared to the old CUETP8M1 tune [9] . Note that the main changes between the parameters of the two tunes are α s , PDF set, MPI infrared regularization scale Figure 2 shows the charged-particle multiplicity as a function of the p T of the leading charged particle, measured in the TRANSMIN region, and the charged-particle multiplicity as a function of pseudorapidity η. The measurements are compared to predictions of the old (CUETP8M1) and the new (CUETP8M2T4) tunes. Predictions of the new tune reproduce very well the data points and perform much better than the predictions of the old one, which tend to underestimate the considered observables by about 10-15%. The discrepancy in the rising part of the spectrum of the chargedparticle multiplicity as a function of the p T of the leading charged particle, in the region up to 3 GeV, observed for both predictions, might be due to diffractive contributions, which were not considered in the tuning.
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Event Modelling in CMS Paolo Gunnellini at (s) = 13 TeV on particle densities for charged particles with p T > 0.5 GeV and |η| < 0.8 in the TransMIN region as defined by the leading charged particle, as a function of the transverse momentum of the leading charged-particle p max T . The data are compared to predictions of PYTHIA 8 Tune CUETP8M1 and CUETP8M2T4. The ratios of MC events to data are given below each panel. (Right) CMS data [20] at (s) = 13 TeV for the charged-particle pseudorapidity distribution, dN ch /dη, in inelastic proton-proton collisions. The data are compared to predictions of PYTHIA 8 Tune CUETP8M1 and CUETP8M2T4. The ratios of MC events to data are given below each panel.
Summary and conclusions
